Genetic manipulation is a fundamental procedure for the study of gene and operon functions and new characteristics acquisition. Modern CRISPR-Cas technology allows genome editing more precisely and increases the efficiency of transferring mutations in a variety of hard to manipulate organisms. Here, we describe new CRISPR-Cas vectors for genetic modifications in bacillary species. Our plasmids are single CRISPR-Cas plasmids comprising all components for genome editing and should be functional in a broad host range. They are highly efficient (up to 97%) and precise. The employment and delivery of these plasmids to bacillary strains can be easily achieved by conjugation from Escherichia coli. During our research we also demonstrated the absence of compatibility between CRISPR-Cas system and non-homologous end joining in Bacillus subtilis.
INTRODUCTION
Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR associated (Cas) genes encode an adaptive immune system in archaea and bacteria, which has become the most promising tool for efficient genome editing of bacteria, plants, cell lines and tissues (Sander and Joung 2014) . CRISPR-Cas systems are unevenly distributed among bacteria phyla. There are three classes of CRISPR-Cas systems among which the class II CRISPR-Cas systems are more applicable than the others because of their simplicity (Bhaya, Davison and Barrangou 2011) . Class II CRISPR-Cas systems are mainly present in Firmicutes and Proteobacteria with genomes smaller than 5 Mb (Bernheim et al. 2017) . A typical CRISPR class II system consists of Cas9, which is an RNA-guided DNA protein with two endonuclease domains. These domains (RuvC and HNH in case of Streptococcus pyogenes) are capable of cleaving target DNA when Cas9 is guided by small CRISPR RNA (crRNA) and trans-activating CRISPR RNA (tracrRNA). Conveniently, crRNA and tracrRNA can be linked together to generate a synthetic single-guide RNA (sgRNA) (Jinek et al. 2012) . The sgRNA should contain a 20-nucleotide target-specific sequence complementary to genomic DNA. A further essential part of the targeted genomic sequence is the Protospacer Adjacent Motif (PAM) that is identified by Cas9. The Cas9 proteins recognize specific PAM sequences, e.g. Cas9 nuclease of S. pyogenes detects the NGG motif as a PAM sequence. Once a PAM is found, DNA is unwound to make base-pair contacts between the crRNA and the target DNA (Sternberg et al. 2014) . When base pairing occurs, a conformational change in Cas9 brings two nuclease domains in contact with the target DNA leading to the generation of a double strand break (DSB). Cells can repair DSBs by the non-homologous end joining (NHEJ) pathway that leads to small insertions or deletions (indels) at the target site when there is no template for repairing (Weller et al. 2002) . Alternatively, Cas9-generated breaks can be repaired through homologous recombination with a template DNA molecule to introduce precise genetic modification. In addition to DSB, introduction of a single amino acid substitutions (usually D10A or H840A) into one of the Cas9 nuclease domain results in the formation of Cas9 nickase-sgRNA (Cas9n), which only creates a single strand break (SSB) in targeted sites (Cong et al. 2013) . Furthermore, when both nuclease domains are simultaneously mutated, Cas9 loses its endonuclease activity and becomes a programmable DNA binding protein (deadCas9/dCas9) (Qi et al. 2013) . The dCas9 has already been used in CRISPR interface (CRISPRi), a system which was developed for example for repression of essential genes .
Single-plasmid CRISPR-Cas systems were developed for Bacillus subtilis and related industrial important species (Cobb, Wang and Zhao 2015; Liu et al. 2017; Berlec et al. 2018) . One of them is based on cas9 wild-type gene under control of the mannose-inducible promoter P manPA (Altenbuchner 2016) . For transcription activation of the mannose utilization operon in B. subtilis, it needs transcription activator ManR (Sun and Altenbuchner 2010) . Successful application of this system was demonstrated for gene and operon deletion as well as for mutation repair. Moreover, the system was applied for gene deletion and insertion in virulent phage Goe1 (Schilling et al. 2018) , member of the genus Phi29virus (Willms and Hertel 2016) . One more single plasmid containing CRISPR-Cas system based on cas9 under control of the α-amylase promoter (P amyQ ) from B. amyloliquifaciens and sgRNA transcribed from the constitutively expressed promoter P43 was applied for gene disruption in poorly transformable B. subtilis ATCC 6051a strain (Zhang, Duan and Wu 2016) . Another system established on mutated cas9n (nickase) gene and constitutive P43 promoter was also developed (Li et al. 2018) . The authors considered that Cas9n is less or not toxic to the cells compared to Cas9 wild type and so higher transformation rates are achieved. It was also considered to decrease off-target effects associated with CRISPR-Cas9. Recently, a CRISPR-Cas system was applied to provide the immunity against SPP1 phage in B. subtilis cells (Jakutyte-Giraitiene and Gasiunas 2016). It should be noticed that this genome editing tool is based on several plasmids. Furthermore, a CRISPRCas system consisting of two plasmids (one carrying Cas9 under control of promoter P grac and other-sgRNA-under control of promoter P ara and fragments for homologous recombination) was successfully used for large genomic deletion, single gene deletion, point mutation and GFP gene insertion in B. subtilis (So et al. 2017) . Finally, Westbrook et al. constructed a CRISPR-Cas9 tool kit where cas9 gene and sgRNAs are transcribed from the genome (Westbrook, Moo-Young and Chou 2016) .
In the current work we extended the regulatory repertoire of the existent single-plasmid CRISPR-Cas9 system based on the mannose-inducible cas9 in the vector pJOE8999 by testing different regulatory elements (xylose, tetracycline) in B. subtilis. This allowed us to construct CRISPR-Cas9 vectors which will be useful in a broad range of bacteria of the 'Firmicutes' phylum. We also compared effectiveness of Cas9 and Cas9n for genome editing in the model bacterium B. subtilis. Moreover, CRISPR-Cas9 plasmids were constructed, which can be mobilized for transconjugation, and a high efficiency of transfer from Escherichia coli cells to B. subtilis was demonstrated. Finally, analysis of 192 independent CRISPR-Cas9 deletions in the amyE gene of B. subtilis indicated no activity of the NHEJ system.
MATERIALS AND METHODS

Bacterial strains and culture conditions
All E. coli and B. subtilis strains were propagated in liquid LuriaBertani (LB) medium under a shaking condition at 200 rpm at 37
• C, if not otherwise indicated. The cell density was determined by measuring the OD 600 with the Ultrospec 3000 UV-Vis spectrophotometer (Pharmacia Biotech). All plasmids (Supplementary Table S1 , Supporting Information) were constructed in the E. coli strain JM109 (Yanisch-Perron, Vieira and Messing 1985) . For transformation of B. subtilis plasmid, DNA was isolated from the recA-proficient strain E. coli NM538 (Frischauf et al. 1983 ). All transformations of B. subtilis were performed with strain Reg19 (Rahmer, Morabbi Heravi and Altenbuchner 2015) . For mating between E. coli S17-1 and B. subtilis, strain JA-Bs33 was used. JA-Bs33 is derived from B. subtilis 3NA (Reuss et al. 2015) and contains a spectinomycin resistance gene inserted into the amyE gene using plasmid pDG1730 (Guerout-Fleury, Frandsen and Stragier 1996) and a deletion of the comG operon, using the CRISPR-Cas9 plasmid pJOE9326.1 (for plasmids construction see Supplementary data). All strains and their genotype are listed in Supplementary Table S2 , Supporting Information.
To select plasmids in E. coli and B. subtilis, kanamycin was used at a final concentration of 50 μg/mL and 10 μg/mL, respectively. When appropriate, the growth media were supplemented with erythromycin (5 μg/mL) (B. subtilis Reg19) or spectinomycin (100 μg/mL) (B. subtilis JA-Bs33). To detect amylase production, colonies were streaked on starch containing LB agar plates (1% starch, soluble; Sigma-Aldrich), and the plates were overlaid with Lugol's solution (0.2% iodine in 2% potassium iodide) after 2 days of incubation at 37
• C.
To induce the CRISPR-Cas9 system in B. subtilis cells, different sterile-filtered inducers were added: 0.2% mannose (Amresco, USA), 0.2% xylose (Merck, Germany), and 20 μg/mL tetracycline (Sigma-Aldrich, USA).
DNA manipulation
Procedures for DNA manipulation (PCR, DNA cloning, vector digestions, transformation, etc.) were carried out as described in Sambrook and Russell (2001) . DNA fragments were amplified by PCR from genomic or plasmid DNA using the Phusion R HF DNA polymerase (New England BioLabs R , Frankfurt am Main, Germany) on a PTC-200 Peltier Thermal Cycler (MJ Research Inc.). Colony PCR was done with DreamTaq DNA polymerase as described before (Wenzel and Altenbuchner 2015) . Oligonucleotides used in this study are listed in Supplementary Table S3, Supporting Information. All plasmids used in this study are listed in Supplementary Table S1, Supporting Information. Vector pJOE8999 was used as a base for all plasmids (Altenbuchner 2016) . Target sequence and homology template for amyE deletion were cloned to get vector pJOE9012.1. For the pJOE9703.1 vector, cas9 gene was replaced for cas9n gene. To compare different regulatory systems, the P manPA promoter for cas9 gene was replaced on xylR-P xylA to get vector pJOE9297.1, on P tetLM -tetLM to get vector pJOE9695.1 (for more detailed plasmids construction see Supplementary data). All constructed CRISPR-Cas vectors are temperature-sensitive in Bacillus cells because they contain pE194 ts origin of replication.
Commercial kits including 'innuPREP Plasmid mini Kit' (Analytic Jena AG, Jena, Germany) for plasmid isolation and 'NucleoSpin R Gel and PCR Clean-up Kit' (Machery-Nagel, Düren, Germany) for PCR fragment purification were applied throughout this study. Restriction enzymes were provided by New England BioLabs (Frankfurt am Main, Germany). T4 DNA Ligase was purchased from Thermo Fisher Scientific Inc. (Karlsruhe, Germany). The constructed plasmids were sequenced by GATC Biotech (Konstanz, Germany).
E. coli cells were transformed by using the CaCl 2 heat-shock procedure (Chung, Niemela and Miller 1989) . Bacillus subtilis Reg19 strain transformation was carried out as described in Rahmer, Morabbi Heravi and Altenbuchner (2015) . A total of 1 μg of plasmid DNA was always used for transformation. Bacillus subtilis transformants were selected on LB agar containing kanamycin at 30
• C during 2 days. Then, for each CRISPR-Cas9 plasmid construction, up to 100 transformed colonies were incubated overnight at 30
• C on LB + Kan agar with respective concentration of inducer (as indicated in Material and methods).
On the next day they were streaked on LB plates to obtain single colonies at 30
• C. Finally, colonies were streaked on starchcontaining LB agar plates and amylase production was checked by iodine staining.
Mating assay
For mating experiments plasmid-carrying E. coli S17-1 strain (Simon et al. 1983 ) was used as donor and competence negative B. subtilis JA-Bs33 strain as a recipient. The experiments were done under standard conditions. Briefly, donor (containing plasmid) and recipient strains were cultivated overnight in liquid LB medium. Then, 0.1 ml donor and 0.1 ml recipient cells were added to 0.8 ml to fresh liquid LB medium, mixed and 20 μl dripped on LB agar supplemented with 0.2% glucose and incubated overnight at 30 • C. Next day cell mass was suspended in 3 ml of minimal medium. The particular number of donor, recipient, and transconjugant cells in the obtained suspension was determined by dilution and subsequent cultivation on LB agar containing an appropriate antibiotic for the separate selection of each cell type. The experiments were carried out with B. subtilis JA-Bs33 × S17-1 pJOE9734.1 (control vector without spacer and repair sequence) and B. subtilis JA-Bs33 × S17-1 pJOE9848.5 (CRISPR-Cas9 vector for deletion of pulcherimin biosynthesis genes). All experiments were repeated independently three to five times. Random samples were taken and tested for deletion of the pulcherimin biosynthesis genes using colony PCR and the primers s12525 and s12526.
RESULTS AND DISCUSSION
Efficiency of the genome editing of B. subtilis by different CRISPR-Cas9 platforms
The plasmid pJOE8999 carries the cas9 gene under control of the mannose inducible promoter-P manPA (Altenbuchner 2016) . It works very well in B. subtilis 168. The disadvantage of P manPA is its special action of regulation that depends on a PRD-containing activator ManR and the transporter ManA (Sun and Altenbuchner 2010) . The mannose system is tightly regulated; however, in other bacteria lacking the B. subtilis manR and manP genes, such as E. coli, the promoter is inactive. Therefore, in order to set up a cas9 transcription regulatory system for a broader host range, the promoter controlling the expression of cas9 gene was substituted with other promoters together with their regulatory components (Fig. 1) . Genes involved in xylose utilization (assimilation) pathway are described for Bacillus spp. (Gartner et al. 1992; Scheler and Hillen 1994) , Lactococcus lactis (Miyoshi et al. 2004 ), E. coli (Luo, Zhang and Wu 2014) , Pseudomonas putida (Meijnen, de Winde and Ruijssenaars 2009 ) and many other bacteria. Accordingly, a regulatory system based on a xylose promotor and xylose-inducible repressor should work in a broad host range.
The xylR gene and P xylA promoter, originating from B. megaterium was taken from plasmid pJMP1 (Peters et al. 2016) and integrated into pJOE8999 to replace the P manPA promotor to give the vector pJOE9282.1 (Fig. 1) . The tetracycline resistance determinant (tetLM) was originally found on the conjugative transposon from Streptococcus sanguis FC1 (Hill et al. 1988 ). The P tetLM -tetLM fragment was subcloned to different plasmids and has shown its capability to function in E. coli, B. subtilis, Streptococcus lactis, Enterococcus faecalis and L. lactis (Dossantos and Chopin 1987; Tenover, LeBlanc and Elvrum 1987; Casey, Daly and Fitzgerald 1991; Itaya 1992 ). TetM encodes a ribosomal protection protein which confers tetracycline resistance by binding to the ribosome and chasing the drug from its binding site. The tet genes are regulated by a riboswitch. In the presence of tetracycline, the ribosome is stalled during synthesis of TetL leading to different conformation of the mRNA that allows transcription readthrough, whereas without tetracycline, transcription of tetLM is terminated in the 5 -untranslated region (Su, He and Clewell 1992) . The P tetLM -tetLM region was amplified from pKVM5 and inserted into pJOE8999 to give plasmid pJOE9658.1 (Fig. 1) .
To test the functionality of the new vectors and compare it with the original mannose-inducible vector, the 20-nt target spacer (to create a specific sgRNA) and two homology repair sequences (surrounding the region to be deleted) were integrated into the vectors to achieve a 25.1 kb deletion from yceB to ycgG including the amylase gene amyE in the B. subtilis chromosome. Plasmids (pJOE9012.1, pJOE9297.1, pJOE9695.1) containing cas9 gene under control of the different regulatory systems (P manPA , xylR-P xylA , P tetLM -tetLM, respectively), target and repair sequences for (yceG-ycgG), were introduced in B. subtilis strain Reg19. Control vector pJOE8999 (without any target spacer and repair sequences) were also introduced in B. subtilis strain Reg19. Deletions were confirmed by colony PCR. Results of transformation efficiency and genome editing are summarized in Table 1 .
About 93%-97% of the clones showed a desired deletion of the (yceG-ycgG) region. Based on our results, the new CRISPR-Cas9 plasmids are functional, convenient, easy to handle and allow large genomic deletions.
It is noteworthy that the transformation rates of the CRISPRCas9 vectors active in genome deletion had a significant lower transformation rate compared to the control vector pJOE8999. Reduced transformation efficiency indicates that the expression of Cas9 with sgRNA directed at specific genomic regions is toxic for Bacillus cells. Obviously, many double-strand breaks occur immediately after plasmid uptake and are not repaired in time and so causing cell death. This is especially true for the vector with cas9 under control of the tetLM riboswitch. We propose that the reason of this effect might partly be associated with the big size of the plasmid (pJOE9695.1 is more than 11 kb). It is known that the transformation efficiency decreases with increases of size of the DNA (Dubnau 1991) . Second reason might be associated with relaxed regulation of cas9 gene under control of tetracycline resistance determinant, which result in higher basic expression of Cas9 nuclease. Similar results were often obtained when strong promoters (with high basic expression) were used. A dramatically reduced likelihood of obtaining transformants was shown for Clostridium genus when the plasmid containing cas9 under the control of a constitutive promoter was used (Dong et al. 2012) . Other authors have shown that nearly (100) all E. coli transformants were killed when cas9 gene expression was driven under a strong constitutive promoter (Zheng et al. 2017) .
Genome editing of B. subtilis by CRISPR-Cas9n plasmid
The Cas9n nickase is known to exhibit no toxicity to bacteria . To improve the CRISPR-Cas9 vector transformation and compare the deletion efficiency, we constructed plasmid pJOE9611.1 containing the D10A mutant nickase gene (cas9n) under control of P manPA promoter. For generating large deletions with cas9n, it is advisable to have two spacers, one for each end of the deletion (Standage-Beier, Zhang and Wang 2015) . Therefore, a new vector was constructed with two gRNA cassettes in tandem that allow the integration of two spacers, one in a BbsI site and the other between the BsaI sites (Fig. 2) . Due to the many BbsI sites in the CRISPR-Cas9 vector, the spacers had to be inserted in the separate vector (plasmid pJOE9609.1) and the fragment carrying the two sgRNAs is then transferred into the CRISPR-Cas9n vector pJOE9611.1 and the repair sequences added. We introduced the pJOE9611.1 derivative pJOE9703.1 for deletion (yceG-ycgG) to B. subtilis strain Reg19. Transformation and mutation efficiencies are shown in Table 1 . Our results demonstrated that now the transformation rate is equal or even higher compared to the inactive control vector (i.e. there was no toxicity). Unfortunately, the mutation efficiency by Cas9n-mediated nickase is almost two times less (53%) than by Cas9 nuclease. Such disadvantages as well as additional steps of plasmid construction (all in all four cloning steps to get large genome deletions) render this CRISPR-Cas9n system only interesting for strains that are hard to transform.
Homologous recombination versus NHEJ
In principle, chromosomal double-strand breaks in B. subtilis may be repaired by homologous recombination or NHEJ. To find out if the unwanted NHEJ plays any role in double-strand repair, the plasmid pJOE9430.1 was constructed. This plasmid is a CRISPR-Cas9 containing derivative of pJOE9282.1 and contains a spacer sequence directed against amyE. A double-strand break in amyE may be repaired by a double-crossover with the repair sequences obtained from the N-terminal and C-terminal region of amyE and inserted in pJOE9430.1 (Fig. 3) . The homologous recombination repair leads to a deletion of 316 bp that may be recognized by loss of amylase activity. Bacillus subtilis Reg19 was transformed by pJOE9430.1 and 192 potential mutant colonies selected and tested for amylase activity on starch-containing LB plates. Genotypes were checked by colony PCR using the primers s12400 and s12401. Of the 192 colonies 191 had lost amylase activity and the PCR fragments were reduced in size from 2011 bp of the wild type to 1695 bp. The only colony still showing amylase activity gave the 2 kb PCR fragment and the DNA sequencing of the fragment showed no base change. Maybe, there was a mutation in the plasmid copy that inactivated cas9.
The uniform appearance of the PCR fragments of the amyE deletion mutants clearly speaks against any role of NHEJ in repair of CRISPR-Cas9 mediated deletions in B. subtilis. These data confirmed previously results about the activity of NHEJ during sporulation (Weller et al. 2002; Moeller et al. 2007; Ayora et al. 2011) . Recently, Ku and LigD proteins from different NHEJ systems were combined with CRISPR-Cas plasmid and tested in E. coli. Results showed that MsmNHEJ (NHEJ system from Mycobaterium smegmatis) has the highest efficiency in repair DSB, whereas BsNHEJ (NHEJ system from B. subtilis) was not active at all (Zheng et al. 2017) . Table 2 . Efficiency of transfer by conjugation of pJOE9734.1 and pJOE9848.5 from E. coli S17-1 to B. subtilis JA-Bs33. Bacillus subtilis JABs33 × S17-1 pJOE9734.1--control vector without spacer and repair sequence. Bacillus subtilis JA-Bs33 × S17-1 pJOE9848.5--CRISPR-Cas9 vector for deletion of pulcherimin biosynthesis genes. The pJOE9420.2 plasmid is the precursor of pJOE9430.1 described above and contains the 20-nucleotide spacer sequence to guide the Cas9 nuclease to amyE gene target but without homology templates to repair DSB. No transformants appeared when the vector pJOE9420.1 without homology template was used. This is in agreement with the assumption that the NHEJ system is not active in growing cells.
Transfer of CRISPR-Sas9 vector from E. coli S17-1 to B. subtilis JABs33 by conjugation Often B. subtilis mutants are affected in natural transformation. Likewise, many other Bacillus species do not show any natural transformation. This makes it difficult to bring in plasmids or to modify the chromosomal genes. Alternatives are transformation of protoplasts or using electroporation. These methods are laborious or not very efficient in Bacilli. Another easy method is the transfer of plasmids via conjugation from E. coli to B. subtilis, for example by using strain E. coli S17-1 that has the transfer genes of the broad host range plasmid RP4 integrated in the chromosome (Simon et al. 1983) . To be mobilized by RP4, plasmids need an origin of transfer (oriT) and a nickase recognizing the oriT and interacting with the conjugation coupling protein of RP4. To transfer CRISPR-Sas9 vectors from E. coli S17.1 to a competence negative B. subtilis, the oriT/traJ region of plasmid pKVM5 (Kostner et al. 2017) was amplified by PCR and inserted into pJOE8999 just behind the cas9 gene to give pJOE9734.1. The same was done with pJOE9150.1 that, in B. subtilis, should lead to a deletion of 4.1 kb, containing the pulcherimin biosynthesis genes of B. subtilis ( cypX-yvmA) . This plasmid was named pJOE9848.5. It had the oriT/traJ fragment integrated in the same orientation as in pJOE9734.1. Both plasmids were brought into E. coli S17-1. For mating B. subtilis JA-Bs33 was used, a derived from B. subtilis 3NA (Reuss et al. 2015) carrying a spectinomycin resistance gene from pDG1730 (GueroutFleury, Frandsen and Stragier 1996) and a deletion of the comG operon ( comGA-comGG) that leads to a complete loss of natural competence (Chung and Dubnau 1998) . Mating between B. subtilis JA-Bs33 and the two E. coli strains S17-1 pJOE9734.1 and S17-1 pJOE9848.5 was done at 30
• C on LB agar plates overnight and transconjugants selected on LB + Kan10 + Spc200. The number of parent strains was measured by plating on LB + Kan50 and LB + Spc100. The results are shown in Table 2 . A total of 20 colonies were tested by PCR with the oligonucleotides s10893 and s10894 and the deletion of pulcherrimin biosynthesis genes was found in all B. subtilis colonies tested.
The conjugation efficiencies observed ranged from 10 −2-10−3 transconjugants per mating, which are sometimes higher than transformation rates. This makes conjugation an interesting alternative.
In addition to pJOE8999, the traJ-oriT cassette was integrated into pJOE9282.1 (plasmid pJOE9732.4) and pJOE9658.1 (pJOE9773.2, data not shown).
CONCLUSIONS
(i) The capability to express the mannose-regulated cas9 gene in the vector pJOE8999 was extended by adding two new regulatory elements, the xylose-inducible promotor and xylose repressor and the tetracycline-inducible tetLM riboswitch. The use of designed vectors was demonstrated in B. subtilis and was shown to be efficient for large genome deletions. The new vectors will be applicable in mutants of mannose uptake and of general PTS genes and in hosts lacking the B. subtilis mannose activator. In addition, by adding traJ/oriT elements, the vectors can be efficiently mobilized from E. coli to competent negative Bacilli. (ii) Compared to Cas9 nuclease the Cas9n nickase shows no toxicity to cells. On the other hand, the application of this enzyme is less efficient and needs more efforts in plasmid construction. (iii) The analysis of many CRISPR-Cas9 mediated deletions gave no hint of NHEJ activity. This makes off-target effects unlikely.
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